Purpose: Zinc (Zn) is an essential trace element for bone mineralization and osteoblast function. We examined the effects of Zn deficiency on osteoblast differentiation and mineralization in MC3T3-E1 cells. Methods: Osteoblastic MC3T3-E1 cells were cultured at concentration of 1 to 15 μM ZnCl2 (Zn-or Zn+) for 5, 15 and 25 days up to the calcification period. Extracellular matrix mineralization was detected by staining Ca and P deposits using Alizarin Red and von Kossa stain respectively, and alkaline phosphatase (ALP) activity was detected by ALP staining and colorimetric method. Results: Extracellular matrix mineralization was decreased in Zn deficiency over 5, 15, and 25 days. Similarly, staining of ALP activity as the sign of an osteoblast differentiation, was also decreased by Zn deficiency over the same period. Interestingly, the gene expression of bone-related markers (ALP, PTHR; parathyroid hormone receptor, OPN; osteopontin, OC; osteocalcin and COLI; collagen type I), and bone-specific transcription factor Runx2 were downregulated by Zn deficiency for 5 or 15 days, however, this was restored at 25 days. Conclusion: Our data suggests that Zn deficiency inhibits osteoblast differentiation by retarding bone marker gene expression and also inhibits bone mineralization by decreasing Ca/P deposition as well as ALP activity.
Introduction
In normal bone remodeling or bone turnover, osteoblastic bone formation and resorption is coupled in a precise and orchestrated manner. Osteoblastic differentiation is an essential aspect of bone formation. Several groups of proteins are necessary for osteoblastic differentiation, such as alkaline phosphatase (ALP) and transcription factors such as Runx2 etc. 1, 2 The trace element zinc (Zn) is an important regulator that plays many critical biological roles in all tissues and is a constituent of various enzymes and proteins. 3 Zn deficiency is involved in bone retardation and malfunctions, 4, 5 as well as in the impairment of immune responses and brain functions. 6, 7 In humans, low Zn intake has been reported to be associated with low bone mass and weight loss in both children 8 and adult women. 9 In animal studies, Zn deficient diet decreased fetal long bone growth through decreased bone matrix formation in mice. 10 Inadequate dietary Zn intake decreased the number of osteoblasts, and in vitro studies Zn dose-dependently augments DNA synthesis in murine osteoblast-like cells. 11 In our studies, it has been reported that Zn stimulates osteoblast proliferation, differentiation through modulating osteoblastspecific gene expression and inorganic phosphate-producing enzyme alkaline phosphate in osteoblastic MC3T3-E1 cells. [12] [13] [14] [15] In this study, we further investigated whether cellular Zn deficiency affects osteoblast calcification in extending up to the extracellular matrix mineralization period, and also examined bone marker gene expression for osteoblast differentiation. We tested whether Zn deficiency decreased extracellular matrix mineralization measured by staining of Ca and P deposition as well as ALP enzyme activity which was measured by staining of the products of enzyme activity. We also demonstrated whether Zn deficiency decreased the expression of bone-related marker mRNA expression such as ALP, PTHR (parathyroid hormone receptor), OPN (osteopontin), OC (osteocalcin) and COLI (collagen type I), as well as bone-specific transcription 380 / Zinc deficiency inhibits the mineralized nodule formation in osteoblasts factor, Runx2, in osteoblastic MC3T3-E1 cells.
Methods

Cell culture and Zn treatment
The osteoblastic MC3T3-E1 cells were cultured at 5% CO2 at 37°C in regular growth medium (α-MEM with 10% FBS, 1 mM sodium pyruvate, and 1% penicillin). For the differentiation of cells, 10 mM β-glycerol-2-phosphate and 50 μg/mL ascorbic acid were added to regular growth medium as previous described.
14 Zn depletion was achieved by adding Zn chelator (N,N,N′,N′ -tetrakis-(2-pyridylmethyl)-ethylenediamine [TPEN], cell membrane-permeable chelator, 5 μM), and the designated Zn levels for Zn deficiency (Zn-, 1 μM) and Zn adequacy (Zn+, 15 μM) were adjusted by externally adding ZnCl2 as previous described. 14 We used the osteogenic differentiation medium without any Zn and TPEN treatment as the normal osteogenic control (osteogenic medium, OSM). Cells were cultured up to 5d, 15d (osteoblast differentiation period), and 25 days (mineralization period), and medium was changed every three days. Cellular zinc treatment and other experimental analysis were followed as previously mentioned.
12,16
Alizarin Red S staining
The mineralized nodules in osteoblasts which were measured by Ca and P (as phosphate) deposition were visualized by staining analysis. MC3T3-E1 cells were stained with Alizarin Red S for the detection of extracellular matrix mineralization, combining with Ca of this dye for the detection of Ca deposition as recently described.
14 For staining, MC3T3-E1 cells were washed with one volume of PBS and fixed with 4% formaldehyde in PBS for 15 min. Cells were then stained with 40 mM Alizarin Red S solution (pH 4.2) for 40 mins in the dark at room temperature. The appearance of red is an indication of the reaction between calcium ions and Alizarin red dye. The culture plates were photographed using a light microscope.
von Kossa staining P deposition which is the nuclear initiation for forming bone nodules (extracellular P) was observed by the von Kossa staining as previously described.
14 The cells were fixed with 4% formaldehyde in PBS for 15 min. The 5% silver nitrate solution was added to culture dishes, which were incubated under UV light for 60 mins. The culture plates were photographed using a light microscope.
ALP staining and enzyme activity assay
Both ALP staining and enzyme activity assay were performed as previously described.
14 Cellular ALP activity in the cells was normalized by total protein content of the cell lysate.
Cellular Zn, Ca, and P contents
The cell lysates were diluted with deionized water. Concentrations of Zn, Ca, and P were measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES; Flame Modula S, Spectro, Germany). The total protein content in the diluted cell lysates was also measured by BCA method. Cellular Zn, Ca and P contents were normalized by the total protein content of the cell lysate.
RT-PCR analysis
The transcription levels for ALP, PTHR, OC, OP, COLI, and Runx2 were determined by RT-PCR analysis as previously described. 16 The Guanidinium thiocyanate method using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) was used for the extraction of RNA from cell lysates, according to the manufacturer's instructions. RNA samples were reverse transcribed and amplified with PCR using standard protocols. The primers used for amplification of ALP, PTHR, OC, OP, COLI, Runx2, and GAPDH were as follows. ALP ( bromide and photographed on a UV transilluminator.
Statistical analysis
Data were analyzed using SPSS 17.0 program (SPSS Inc., Chicago, IL, USA), and mean differences were considered as significant in cases that p < 0.05. Statistical analysis of the data was performed by one-way ANOVA to test the effect of different Zn levels. Once significance was detected, Tukey's HSD test was used to compare differences between the groups as post hoc analysis. Values are represented as mean ± SEM.
Results
Cellular Zn deficiency inhibits mineralized nodule formation in osteoblasts
First, to assess whether Zn deficiency (Zn-) decreases the mineralization of MC3T3-E1 cell cell cultures, cells were first stained by Alizarin Red S solution for Ca accumulation. Our data showed that Zn deficiency (Zn-, 1 μM) decreased the Ca deposits as well as the formation of mineralized bone-like nodules, compared to Zn adequate (Zn+, 15 μM) or normal osteogenic control (OSM) in a time-dependent manner over 15 and up to 25 days. (Fig.  1A) . However, there was no change in Ca deposits for 5 days in MC3T3-E1 cells. Zn adequate (Zn+) induced more osteoblast mineralization nodules after 15 days in MC3T3-E1 cells than in Zn-.
Next, we tested the osteoblast nodule that could be visualized by von Kossa staining for P depositions. We found that Zn deficiency was decreased in mineralization nodules which is a black staining for P depositions (Fig.  1B) .
Zn deficiency inhibits ALP activity in MC3T3-E1 cells
Alkaline phosphatase (ALP) is the key enzyme for osteoblast differentiation and bone calcification in osteoblasts, since this enzyme is a prominent indicator for osteoblast differentiation as well as a key molecule for producing inorganic phosphate as a nucleator for 382 / Zinc deficiency inhibits the mineralized nodule formation in osteoblasts Different superscripts mean significant differences between Zn treatments on the same treatment time at p < 0.05 by Tukey, ANOVA. Unit for cellular ALP activity (nmol para-nitrophenol/mg protein/min). Unit for medium ALP activity (nmol para-nitrophenol/mL/min). osteoblast mineralization. To determine whether Zn deficiency inhibits osteoblast differentiation as well as mineralization through this particular enzyme ALP activity, cells were examined using both measurement in cell layers enzyme activity by staining as well as cellular and extracellular (in medium) ALP activity. ALP activity measurement and staining data showed that Zn deficiency (Zn-) decreased ALP activity, compared to Zn-adequate (Zn+) or normal control (OSM) (Fig. 2A) . Cellular and media ALP activity was also decreased in Zn deficiency (Zn-), while Zn adequate (Zn+) increased ALP activity in a dose-and time-dependent manner ( Fig. 2B and 2C ).
Zn deficiency downregulates and retards bone marker gene expression and osteoblast-specific transcription factor Runx2
To determine whether Zn deficiency modulates bonerelated markers (ALP, PTHR, OC, OPN, and COLI) and osteoblast-specific transcription factor Runx2 in osteoblastic MC3T3-E1 cells, gene expression was analyzed by RT-PCR. The mRNA expression of bone markers (ALP, PTHR, OC, OPN, and COLI) were down-regulated in Zn deficiency (Zn-) than in Zn adequate (Zn+) over 5 and 15 days of bone differentiation period as well as the initial stage of the mineralization period (Fig. 3) . Similarly, Runx2 mRNA expression was also downregulated in Zn-at 5 and 15 days, compared to Zn+ (Fig. 3) .
Interestingly, these downregulated mRNAs for osteoblast markers in Zn-were less affected by Zn deficiency over 25 days of mineralization period (Fig. 3) , which showed the expression pattern was almost compensated and was caught-up in Zn. This may imply that Zn deficiency in osteoblast initially downregulates bone marker genes but as time goes by it retards, but could be compensated at late stage. Our results suggest that Zn deficiency inhibited the bone marker gene expression as well as bone specific transcription factor Runx2, and this retardation may lead to the decreased bone differentiation and mineralization in osteoblasts.
Cellular Zn deficiency decreases Zn, Ca and P levels in osteoblasts
Finally, to confirm whether Zn deficiency (Zn-) decreases Ca and P contents which are the major two minerals for osteoblast calcification in osteoblasts, cells were measured using ICP-AES analysis for mineral contents. Cellular Zn deficiency was properly confirmed in a dose-and timedependent manner by Zn treatment (Fig. 4A) . Interestingly, Ca and P contents in cells were increased by the addition of Zn in a dose-and time-dependent manner ( Fig. 4B  and 4C ), and this pattern is consistent with the pattern of osteoblast calcification as Ca and P deposition (Fig.  1 ) and ALP activity (Fig. 2) . In contrast, Ca and P contents were markedly decreased by Zn deficiency (Zn-) during the osteoblast differentiation and mineralization periods (5 and 20 days). It is considered that Zn increased osteoblast mineralization by increasing cellular Ca and P contents in osteoblasts.
Discussion
The present study was conducted to determine whether Zn deficiency affected osteoblast differentiation and mineralization in MC3T3-E1 cells, measuring osteoblast Ca and P deposition in cell layers and bone marker gene expression including Runx2. In order to achieve the purpose of this study, we evaluated 1) the extracellular matrix mineralization depending on the cellular Zn level by staining Ca and P deposits, 2) inorganic phosphateproducing enzyme ALP activity by staining the product of enzyme activity and cellular enzyme activity, and 3) measured bone marker gene expression as well as bone transcription factor Runx2 during osteoblast differentiation (15d) and mineralization period (25d). Our data showed that 1) osteoblast Zn deficiency decreased the transcription level of bone marker genes (ALP, OPN, OC, and COL1) as well as bone-specific transcription factor Runx2 in MC3T3-E1 cells, and this decreased gene expression by Zn deficiency was restored in the late stage of the mineralization period with a retarded pattern which was induced by Zn deficiency. 2) The decreased mineralization by Zn deficiency, which was confirmed by the decreased Ca and P deposition, might be related to the decreased osteoblast-specific gene expression by Zn deficiency.
The bone mineralization process has been clarified by in vivo and in vitro studies on matrix vesicles from cartilage and bone and mainly consists of two phases. 17 Extracellular matrix production and extracellular environment in osteoblast have both been reported to be involved in the mineralization of osteoblasts. 18 Enzyme ALP is also present in various other tissues in general and signals cellular communication, meanwhile osteoblastic ALP is a specific enzyme in osteoblasts for producing mainly inorganic phosphate. A key to understanding the role of ALP in bone mineralization is provided by studies of the phased expression of genes during osteoblastic differentiation and growth plate cartilage calcification. 19, 20 In bone, ALP is expressed early in bone formation, and is soon observed on the cell surface and in matrix vesicles. Anderson et al. concluded that the early phase of mineralization was closely associated with tissue non-specific ALP. 18 Matrix mineralization is initiated by the nucleation of Ca deposits, and this process is normally initiated by extracellular matrix vesicles, which are synthesized by osteoblasts, budded from the cell plasma membrane and released into the extracellular matrix. ALP is a component of these matrix vesicles along with some other Ca
2+
-dependent proteins and Ca
-Piphospholipid complexes. 21 According to our previous report, Zn adequacy increased ALP activity and Ca/P deposits as measured by Alizarin Red and von Kossa stains. 14, 15 In the present study, Zn deficiency decreased ALP activity and Ca/P deposits over 5, 15, and 25 days which covers the full bone formation period. In addition, the increased Ca and P deposition may be partly due to the increased cellular ALP activity by Zn adequacy. Runx2, a bone-specific transcription factor, is a key regulator of osteoblast differentiation and bone formation. Runx2-deficient mice show a complete lack of ossified bones, and thus Runx2 has been implicated as the master gene of osteoblast differentiation. 23 Runx2 regulates the osteoblast gene expression for the proteins (including ALP, OPN, OC, and COLI) during osteoblast differentiation and mineralization period, and these genes and proteins are expressed by osteoblasts. 22 In fact, OPN, ALP, and COLI mRNAs were expressed at the time of osteoblast differentiation. Osteocalcin (OC) is a later marker of osteoblast differentiation that is closely related to osteoblast maturation. 24 Our results showed that bone-related marker mRNAs were downregulated by Zn deficiency during the osteoblast differentiation period (5d and 15d) and in late stage, the expressions of those bone marker genes were restored to catch up osteoblast differentiation and mineralization process. Consistently, the osteoblast differentiation transcription factor Runx2 expression was decreased by Zn deficiency during osteoblast differentiation period. Also, our data showed that expression pattern of Runx2 and its regulatory bone marker genes such as ALP, PTHR, OPN, OC and COLI were less affected by Zn deficiency during late stage of osteoblast mineralization period (25d), compared to during the early stage of osteoblast proliferation and differentiation (5d and 15d). This pattern is unique as it implies that the down-regulated gene expression by Zn deficiency at early stage of bone formation period were only delayed and retarded, but could be gradually caught-up as the bone-forming process went on.
Finally, Zn deficiency also modulated decreasing Runx2 mRNA expression, and thus inhibiting the bone-related marker mRNAs expression, which can be a potential reason for the retarded osteoblast differentiation and mineralization by Zn deficiency in osteoblasts.
Summary
In conclusion, we have demonstrated that Zn deficiency decreased osteoblast differentiation and mineralization in osteoblastic MC3T3-E1 cells by decreasing Ca and P deposition, ALP activity, and bone marker gene expression. Therefore, our results showed that Zn deficiency in osteoblasts inhibited osteoblast differentiation and mineralization through inhibiting bone-marker gene expression (ALP; alkaline phosphatase, PTHR; parathyroid hormone receptor, OPN; osteopontin, OC; osteocalcin and COLI; collagen type I) and bone-specific transcription factor Runx2 expression. The decreased Ca and P deposition and the downregulated gene expression by Zn deficiency might be the major reason for poor osteoblast differentiation and mineralization under low cellular zinc status in osteoblasts.
